The present study was carried out to examine salt-induced modulation in growth, photosynthetic characteristics and antioxidant system in two cultivars of Brassica juncea Czern and Coss varieties . The surface sterilized seeds of these varieties were sown in the soil amended with different levels (2.8, 4.2 or 5.6 dsm ') of sodium chloride under a simple randomized block design. The salt treatment significantly decreased growth, net photosynthetic rale and its related attributes, chlorophyll fluorescence, SPAD value of chlorophyll, leaf carbonic anhydrase activity and leaf water potential, whereas electrolyte leakage, proline content, and activity of catalase, peroxidase and superoxide dismutase enzymes increased in both the varieties at 30 d stage of growth. The variety Varuna was found more resistant than RH-30 to the salt stress and possessed higher values for growth, photosynthetic attributes and antioxidant enzymes. Out of the graded concentrations (2.8, 4.2 or 5.6dsm~') of sodium chloride, 2.8 sm ' was least toxic and 5 6dsnr ' was most harmful. The variation in the responses of these two varieties to salt stress is attributed to their differential photosynthetic traits, SPAD chlorophyll value and antioxidant capacity, wiiich can be used as potential markers for screening mustard plants for salt tolerance.
thesis and lipid metabolism are affected (Parida and Das, 2005; Hasanuzzaman et al., 2012; Rahdari et al., 2012) . Photosynthesis is severely affected during salinity stress which is mediated through a decrease in stomatal conductance (Parida et al., 2004; Van et al., 2012) , internal CO2 partial pressure and gaseous exchange through stomata (Iyengar and Reddy, 1996) . The decrease in photosynthesis under saline conditions is considered as one of the most important factors restricting plant growth and productivity (Manikandam and Desingh, 2009) . Salinity reduces plant productivity first by reducing plant growth during the phase of osmotic stress and subsequently by inducing leaf senescence during the phase of toxicity when excessive salt is accumulated in transpiring leaves (Munns, 2002) . Many plants have evolved various mechanisms either to exclude salt from their cells or to tolerate its presence within the cells. They counteract the toxic effects of the stress through the production of osmolytes or by an increasing activity of antioxidant enzymes (Ashraf and Foolad, 2007; . Antioxidant enzymes such as superoxide dismutase, peroxidase and catalase etc. help plants to withstand harmful effects of the environmental stress. In plants, superoxide dismutase scavenges superoxide anions (Oi") and converts them to hydrogen peroxides (Alscher et al., 2003) . Catalase, the second line of defense, converts these lethal hydrogen peroxides to water and molecular oxygen. The effectiveness of oxidative defense system in plants can be measured by the activity of antioxidant enzymes and level of non-enzymatic antioxidants such as proline (Geebelen et al., 2002; Ahmad et al., 2012) .
Brassica juncea (L.) Czern and Coss is an important oil-seed crop, which often experiences saline stress as it is grown extensively in the arid and semi-arid regions of the world (Singh et al., 2001) . India ranks second in the world with regard to the production of Brassicas (Afroz et al., 2005) and supplies neariy 7% of the world's edible oil (Khan et al., 2002) . A number of biotic and abiotic stresses contribute to yield losses and this low economic yield is related to the crop's susceptibility. There is a greater need to improve crop plants for salinity tolerance, however Brassica has a considerable potential to grow in salt-affected areas. One of the approaches is the improvement of salt tolerance of the cultivated species. The identification of tolerant genotype provides an initial germplasm base for breeding salt-tolerant crops. The present study was therefore carried out to examine the salt-induced modulation in growth, photosynthetic characteristics, chlorophyll pigments, leaf fluorescence, antioxidant enzymes and levels of non-enzymatic antioxidants in two varieties of Brassica i.e. Varuna and RH-30. Such studies will facilitate the evaluation of the relative performance of varieties and characterization of mechanism of salt tolerance which in turn will be helpful in effective breeding for salt tolerance.
Material and methods

Plant material and treatment
The authentic and healthy seeds of B. juncea (L.) Czern and Coss cv. Varuna and RH-30 were procured from National Seed Corporation Ltd. New Delhi, India. Before sowing the seeds were surface sterilized with 0.01% mercuric chloride solution followed by rinsing with sterilized, double distilled water (DDW), at least thrice, to remove the traces of adhered mercuric chloride to the seed surface. The surface sterilized seeds of these two cultivars were sown in earthen pots (25 x 25 cm) containing soil amended with different levels (2.8, 4.2 or 5.6 dsm"') of NaCl, Pots were amended with the recommended dose of fertilizers (nitrogen from urea, single superphosphate, and muriate of potash) added at rates of 40,138 and 26 mgkg'' of soil, respectively at the time of sowing. Thinning was done on the 7th day after sowing (DAS), leaving three plants per pot. Each treatment was represented by five pots. Irrigation was done with tap water as and when required. The plants were up-rooted at 30 DAS to assess the following parameters. The remaining plants were allowed to grow up to maturity and were harvested at 120 DAS to study the yield characteristics.
Growth parameters
The plants were removed along with soil at 30 DAS and dipped in water to dislodge the adhering soil particles without injuring the roots. The length of the root and shoot was measured on a meter scale. The roots were then separated from the shoot and blotted. The roots and shoot were weighed separately to record their fresh mass and placed in an oven (80 °C for 72 h). The samples were weighed again to record the respective dry mass. Leaf area was ascertained by gravimetric method by tracing the outline of the leaf on graph sheet and counting the squares covered by it on graph paper.
Leaf water potential and electrolyte leakage
The leaf water potential (LWP) was measured by Psypro water potential system (Wescor Inc. USA). Total inorganic ions leaked out of the leaf were quantified by the method described by Sullivan and Ross (1979) . Twenty leaf discs were taken in a boiling test tube containing 10 mL of DDW, and electrical conductivity was measured {EC-J. The tubes were heated at 45 °C and 55 °C for 30 min in water bath, and electrical conductivity was measured (ECb). The contents were again boiled at 100 °C for 10 min, and electrical conductivity was recorded (EC^). The electrolyte leakage was calculated using the formula:
Electrolyte leakage (%)
ECb -EC^ 100
Carbonic anhydrase (CA) activity
The activity of CA was determined following the procedure described by (Dwivedi and Randhawav, 1974) . The leaf samples were cut into small pieces and suspended in cysteine hydrochloride solution. The samples were incubated at 4 °C for 20 min and then filtered. The filtrate was transferred to the test tubes, containing phosphate buffer (pH 6.8) followed by the addition of alkaline bicarbonate solution and bromothymol blue. The samples were incubated at 4 °C for 20 min. The reaction mixture was titrated against 0.05 N HCl after the addition of 0.2 mL of methyl red indicator.
SPAD value of chlorophyll and photosynthetic attributes
SPAD chlorophyll meter (Minolta 502) was used to assess the SPAD value of chlorophyll in the intact leaves. The photosyn-thetic attributes [net photosynthetic rate {Pti), stomatal conductance (gj, internal CO2 concentration (Ci), and transpiration rate (E)\ were measured by using portable photosynthetic system (LICOR-6400, Lincoln, NE, USA). These measurements were recorded on the uppermost fully expanded leaf of the main branch between 11:00 and 13:00 h, under bright sunlight. The atmospheric conditions during measurements were: photosynthetically active radiation 1016 ± 6nmolm~^s"', relative air humidity 60 ± 3%, atmospheric temperature 22 ± 1 °C, and atmospheric CO2 360 (imol mol"'. The ratio of atmospheric CO2 to intercellular CO2 concentration was constant.
Maximum quantum yield of PSII
The maximum quantum yield of PSII (Fv/Fm) was measured on the adaxial surface of the intact leaf using portable photosynthesis system (LICOR-6400, Lincoln NE, USA). Prior to measurements, plants were left for 30 min in dark at room temperature. The chlorophyll molecules were excited for 10 s by actinic light with a photon flux density of 40 nmol m~'^ s~'.
Antioxidant enzymes
Fresh leaves (0.5 g) were homogenized with 5 mL of 50 mM phosphate buffer (pH 7.0) containing 1% PVP (polyvinylpyrrolidone). The homogenate was centrifuged at lOOSOg for 10 min. The supernatant was collected and used as a source for enzyme assay. This whole extraction process was carried out at 4 °C. The assay of peroxidase (POX) and catalase (CAT) was done by adapting the method of Chance and Maehly (1956) . Activity of CAT was measured by titrating the reaction mixture [phosphate buffer (pH 6.8), 0.1 M H2O2, enzyme extract and 2% H2SO4] against 0.1 N KMn04. The activity of POX was measured by observing the change in the absorbance of reaction mixture [pyragallol phosphate buffer (pH 6.8), 1% H2O2 and enzyme extract], due to catalytic conversion of pyragallol to purpurogallin at an interval of 20 s for 2 min at 420 nm. A control set was prepared by using DDW instead of enzyme extract. The activity of superoxide dismutase (SOD) was assayed by measuring its ability to inhibit the photochemical reduction of NBT by using the method of Beauchamp and Fridovich (1971) . The reaction mixture [50 mM phosphate buffer (pH 7.8), 13 mM methionine, 75 nM nitroblue tetrazolium (NBT), 2 nM riboflavin, 0.1 mM EDTA and 0-50 jil enzyme extract] in tubes was placed under 15 W fluorescent lamps for starting the reaction. After 10 min, the reaction was stopped by switching off the light. Non-illuminated reaction mixture was used as a blank. The absorbance was measured at 560 nm and the SOD activity was expressed as unit g~ 1 fresh mass. One unit of SOD activity was defined as the amount of enzyme that inhibited 50% of NBT photo-reduction.
Leaf proline content
The proline content in fresh leaf was determined by the method given by Bates et al. (1973) . The samples were extracted in sulphosalicylic acid. To the extract, an equal volume (2 mL) of glacial acetic acid and ninhydrin solutions was added. The sample was heated at 100 °C, to which 5 mL of toluene was added after cooling in ice bath. The absorbance by toluene layer was read at 528 nm, on a spectrophotometer (Spectronic-20D, Milton Roy, USA).
Statistical analysis
Treatment means were compared by the analysis of i ariancc using SPSS (SPSS ver. 17, Chicago, United States). Least Significant Difference (LSD) was calculated at the 5% level of probabihty. Standard error between the replicates was also calculaied 3. Results
Growth characteristics
The length, fresh and dry mass of the shoot and root of both the varieties showed a marked decrease on being subjected to different levels of NaCl (2.8, 4.2 or 5.6 dsm"'), applied through soil (Figs. la-O-Out of the different levels of NaCl. lowest concentration (2.8 dsm"') proved least toxic. Howexer the highest concentration of NaCl (5.6 dsm"') generated severe damage and caused maximum per cent decrease in the shoot length of Varuna and RH-30 (39.3% and 47.1%) and that of root length by 55.0% and 61.2%, compared with their respective controls. Moreover, NaCl (5.6 dsm"') also caused a maximum decrease (47.0% and 58.0%, compared with the controls) in the leaf area of Varuna and RH-30 ( Fig. 2a ).l he damage was more prominent in RH-30 than in Varuna.
Leaf water potential and electrolyte leakage
The variety RH-30 had lower values for leaf water potential than Varuna (Fig. 2b) . The presence of NaCl in the soil decreased these values where the maximum loss was observed at 5.6dsm"' which was 34.3% and 37.8% less than the controls in Varuna and RH-30, respectively. However, the presence of NaCl in the soil caused a significant increase in the electrolyte leakage in both the varieties (Fig. 2c ). The leakage increased as the concentration of NaCl was increased. The highest level (5.6 dsm"') of NaCl increased the electrolyte leakage by 26.7% and 32.3% in Varuna and RH-30, respectively, as compared to their controls.
Carbonic anhydrase (CA) activity
Plants of both the varieties raised in the soil amended with different levels of NaCl (2.8, 4.2 or 5.6 dsm"') possessed a lower activity of CA enzyme in comparison to their controls (Fig. 2d ). The decrease was proportional to the soil NaCl le\el and therefore the highest salt concentration was most toxic and caused maximum inhibition (42.0% less than the control) in variety RH-30. The loss in the activity of the enzyme was more prominent in variety RH-30 than Varuna, at all the concentrations of the NaCl.
SPAD value of chlorophyll
The plants grown in the soil amended with varied concentrations of NaCl possessed significantly lower SPAD values of chlorophyll than unstressed control plants ( Fig. 3a) . Out oi' the NaCl concentrations 5.6 dsm"' was most toxic and de- creased the values by 41.9% and 50.0% in Varuna and RH-30 respectively, compared to the respective controls. RH-30 was more prone than Varuna to salt stress.
Photosynthetic attributes
The plants raised from the seeds sown in the soil fed with different levels (2.8, 4.2 or 5.6 dsm"') of NaCI showed signifi- Moreover, the variety RH-30 was more sensitive to salt stress than Varuna.
Maximum quantum yield of PSII
As depicted in Fig. 3f , the maximum quantum yield of PSII (FvjFm) showed a linear decrease with the increase in the concentration of NaCI in both the varieties (Varuna and RH-30). The maximum loss was recorded at the highest concentration (5.6dsm"') which was 28.9% and 34.8% in Varuna in RH-30 respectively, compared to their controls. The variety Varuna possessed higher values for Fv/Fm than RH-30.
Antioxidant enzyme activities
Unlike the other parameters, the activity of antioxidant enzymes [catalase (CAT), peroxidase (POX) and superoxide dismutase (SOD)] showed completely different response (Figs. 4a-c) . The data revealed that the antioxidant enzyme activity increased in response to the concentrations of NaCI in the soil in both the varieties (Varuna and RH-30). The plants raised in the soil amended with the highest NaCI level (5.6dsm~') possessed maximum values for antioxidant enzymes in both the varieties. The values for CAT, POX and SOD activity increased by 39.8%, 57.0% and 96.8% in Varuna and 22.9%, 34.9% and 80.6% in RH-30, respectivel> compared to their respective control plants.
Leaf proline content
The leaf proline content was higher in the plants that were fed with NaCI (Fig. 4d) . The values increased with an increase in the concentration of the salt. Maximum values were found in the plants which were fed with 5.6 dsm"' of NaCI through the soil in both the varieties and the increase was 84,9° o and 68.9% in Varuna and RH-30, respectively, over the respecti\e controls.
Yield characteristics
Yield characteristics (number of pods per plant, number of seeds per pod, 100 seed mass and seed yield per plant) were significantly affected and exhibited a linear decrease in their values in response to the NaCI present in the soil in both the varieties (Figs. 5a-d) . The maximum reduction in the values of all the above yield characteristics was noticed in RH-30 at the highest level of NaCI (5.6 dsm"'). 
Discussion
Salt stress (2.8, 4.2 or 5.6 dsm"' of NaCI added to the soil) considerably decreased growth of the plants in both the varie- ties (Varuna and RH-30) as reflected by reduced length, fresh mass and dry mass of roots and shoot and leaf area (Figs, la-f and 2a). These observations are in conformity with tomato (Hayat et al., 2010a) , sunflower (Akram and Ashraf, 2011), mulberry , okra (Saleem et al., 2011) , mustard (Hayat et al., 2011) and proso millet (Sabir et al., 2011) . Out of the two cultivars, as also reported by Hayat et al. (2011) , Varuna is likely more salt tolerant. This varied growth response of the two varieties of mustard could possibly be due to differential regulation of the processes related to growth at their genetical, biochemical and physiological levels. The salt stress is known to cause reduction in cell division and elongation (Pitann et al., 2009 ) which is mainly due to salt induced alterations in the nutrient uptake, induced formation of reactive oxygen species (Ashraf, 2009 ), inhibition of cytoplasmic enzymes, turgor loss (Pitann et al., 2009 ) and hormonal imbalance (Ashraf et al., 2010) which will naturally impair plant growth and finally the yield (Fig. 5a-d) .
The SPAD value of chlorophyll decreased significantly in the stressed leaves of plants of both the varieties (Fig. 3a) . The reason behind this loss is that the salinity either inhibits synthesis and/or accelerates the degradation of existing chloro-phyll molecules (Iyengar and Reddy, 1996) . These results are in conformity with Hayat et al. (2011 ), Ghogdi et al. (2012) and Heidari (2012) .
Leaf carbonic anhydrase (CA) enzyme catalyzes the reversible hydration of CO2 and maintains its constant supply to Rubisco, at the level of the grana of the chloroplast (Price et al., 1994) . In the present study the CA activity decreased as the NaCl concentration increased (Fig 2d) . Since NaCI inhibits the activity of the key enzymes (Rubisco and PEP carboxylase) of photosynthesis (Soussi et al., 1998) , decrease in the activity of CA could be due to similar reasons. Moreover, NaCl induced regulation of genes for CA synthesis (Liu el al , 2012) could be another reason for the observed decrease in the activity of enzyme. The decrease in CA activity is further corroborated by the findings of Hayat et al. (2011 ), Idrees et al. (2012 and Liu et al. (2012) .
Plants exposed to the increasing levels of NaCI in the soil showed a diminished net photosynthetic rate (PN) accomplished by a significant decrease in the stomatal conductance (gs), internal CO2 concentration (CO and transpiration rate {E) (Figs. 3b-e ). The reduction in the level of photosynthetic capacity under salinity might be largely due to the stomatal closure,. brought about by salt-induced ABA accumulation, which will limit automatically the photosynthetic CO2 assimilation (Saleem et al., 2011) . The poor PN values, under salt stress, were noted to be positively related to the observed decrease in gs and Q (Lu et al., 2009) . Speeding up of the senescence of plant organs and shift in the activity of enzymes induced by the modifications in cytoplasmic structures and negative feedback of diminished sink activity associated with slow transport of photosynthates are other possible reasons for the salinity induced decrease in Ps and its related attributes (Iyengar and Reddy, 1996) . The observed decrease in SPAD value of chlorophyll ( Fig. 3a) and CA activity (Fig. 2d ) are also the other reasons for low PN in salt stressed plants. Similar observations have also been made by others (Ahmad et al., 2012; Eisa et al., 2012; Wang et al., 2012; Wu et al., 2012) . The NaCI decreases the photochemical efficiency which has been ascribed with the suppression of PSII activity (Mehta et al., 2010) . In the present study, it has been observed that NaCI applied through the soil caused a significant reduction in the values of quantum yield of PSII (Fv/Fwi) ( Fig. 30 suggesting the salt stress induced perturbations in electron transport of PSII (Megdiche et al., 2008) . Salinity blocks the electron transfer from the primary acceptor, plastoquinone (^A) to the secondary acceptor, plastoquinone (QB) at the acceptor side of PSII which leads to the decrease in FvlFm (Shu et a!., 2012) These results are in conformity with the studies in Triticum aeslivum (Kanwal et al., 2011 ), Vigna radiata (Hayal et al., 2010b , Brasska napus (Naeem et al., 2010) , Solanum melongena (Wu et al., 2012) , Cucumissativus(Shuet al., 2012) , B. Juncea (Ahmad et al., 2012) , exposed to salt stress.
Under stress conditions (such as drought and salinity) plant cells accumulate osmolytes in order to reduce the osmotic potential which increases the water absorption capacity, maintain turgor pressure at a certain extent and protects the cell growth. This whole phenomenon is called osmotic adjustment (Wang et al., 2012) . In the present study the water potential decreased with an increase in the salt concentration (Fig. 2b) indicating that the leaves of B. juncea have evolved certain mechanisms to adjust its survival, under salt stress. Moreover, the varied range of increase in the ion concentration in the leaves caused varied degree of reduction in water potential under salt stress (Liu, 2004) . These results are in conformity with Eisa et al. (2012) , Wang et al. (2012) and Naeem et al. (2010) . The cell membranes under various environmental stress are subjected to changes, like the loss of integrity and increase in permeability (Blokhina et al. 2003) which cause an increase in the electrolyte leakage as observed in the present study (Fig. 2c) .
Plants possess complex antioxidative defense system comprising of non-enzymatic (such as proline) and enzymatic components (such as CAT, POX, SOD) to scavenge reactive oxygen species (ROS) produced during stress. The production and scavenging of ROS occurs in different cell organelles such as chloroplasts, mitochondria and peroxisomes, however, pathways are well coordinated (Pang and Wang, 2008) . Under normal conditions, ROS are generated at very low levels and a homeostasis is maintained between production and quenching of these molecules. This balance could be disturbed by the environmental stress, giving rise to a rapid increase in intercellular ROS levels which induce oxidative damage to lipids, proteins, and/or nucleic acids . In order to cope with the oxidative damages under stress, plants raise the level of endogenous enzymes (CAT, POX and SOD) and the non-enzymatic component such as proline (Sharma et al., 2010 and Figs. 4a-d) . Similar observations have been reported earlier in different crops such as Kochiascoparia (Nabati etal., 2011 ), proso millet (Sabiretal., 2011 ), wheat (Ashrafetal., 2010 , safflower (Siddiqi, 2010) , tomato (Hayat et al., 2010a) and B. juncea (Hayat et al., 2011; Ahmad et al., 2012) . Under water or salinity stress the increase in proline content (Fig. 4d ) may be due to the surpassing of the rate of protein hydrolysis over that of its synthesis (Irigoyen etal., 1992) . Moreover, a higher proline content may be the result of its slower rate of breakdown or the diversion of protein synthesis so as to accumulate more proline. Similar observations have also been reported earlier in response to salt stress in 5.7««cea (Hayat etal., 2011; Ahmad etal., 2012) , V.radiata (Hayat et al., 2010b) and sugar beet (Farkhondeh et al., 2012) . It seems that the increased level of proline has a protective role in plants, exposed to stress (Hayat et al., 2010b) . Therefore, in the present study, variety Varuna, a salt tolerant, possessed a higher proline content and the activity of CAT, POX and SOD enzymes than RH-30, a salt-sensitive. Such plant responses, differing in salt tolerance have been studied earlier in which salt tolerant varieties possessed better antioxidative defense system than the salt sensitive varieties (Sabir et al., 2011; Hayat et al., 2011) . The yield characteristics (number of pods per plant, number of seeds per pod, 100 seed mass and seed yield per plant) decreased significantly with an increase in NaCI level of the soil (Figs. 5a-d ). However, variety Varuna performed better and showed a lesser loss than RH-30. This reduction in seed yield and its other related parameters, with an increase in the level of NaCl could be attributed to poor plant growth (Figs, la-0, resulting from the reduced rate of photosynthesis ( Fig. 3b ; Chen et al., 2009 ). These results are in conformity with those of Ali et al. (2007) and Asgari et al. (2012) . Under salt stress, the thickness of the pathway elements conducting assimilates gets reduced (Aldesuquy and Ibrahim, 2001) , at the same time the leaves start behaving as sink rather than source (Arbona et al., 2005) the cumulative effect being the inhibition of assimilate movement toward the developing reproductive organs leading to their poor growth and seed setting ( Figs. 5a-d) .
Conclusion
From the present study, it can be concluded that sodium chloride in a concentration (2.8, 4.2 or 5.6 dsm~') dependent man-ner through soil significantly retarded plant growth, pace of photosynthesis and ultimately the seed yield in the B. juncea (L.) Czern and Coss cv. Varuna and RH-30, even though the plants exhibited a higher antioxidant enzyme activit> and an accumulation of proline (the protective mechansims). The variety RH-30 was more sensitive to the salt stress than Varuna.
